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MelittinWe performed, using an all-atom force ﬁeld, molecular dynamics computer simulations to study the binding
of melittin to the POPC bilayer and its subsequent reorientation in this bilayer. The binding process involves a
simultaneous folding and adsorption of the peptide to the bilayer, followed by the creation of a “U shaped”
conformation. The reorientation of melittin from the parallel to the perpendicular conformation requires
charged residues to cross the hydrophobic core of the bilayer. This is accomplished by a creation of defects
in the bilayer that are ﬁlled out with water. The defects are caused by peptide charged residues dragging
the lipid headgroup atoms along with them, as they reorient. With increased concentration of melittin
water defects form stable pores; this makes it easier for the peptide N-terminus to reorient. Our results
complement experimental and computational observations of the melittin/lipid bilayer interaction.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Melittin is one of the widely studied antimicrobial peptides, but we
are still lacking amolecular level understanding of themechanism of its
interaction with lipid bilayers. It is believed [1] that the antimicrobial
action of melittin involves forming a toroidal pore in the bacterial
membrane that eventually leads to the cell death. For melittin to insert
into a pore and become a part of this pore it needs to be in a transmem-
brane orientation. However, the mechanism by which melittin reaches
this transmembrane orientation remains ambiguous. For example,
Bogaart et al. [2] suggested that melittin binding parallel to membrane
surface and a direct perpendicular insertion of melittin into a mem-
brane are two competingmechanisms.Most of the research [1,3,4] indi-
cates that melittin binds ﬁrst to a lipid bilayer and then reorients into a
transmembrane conformation. According to Huang et al. [1], at low
peptide concentration melittin mostly adopts a parallel conformation;
with the increase in peptide concentration the fraction of peptides
in the transmembrane orientation increases. Melittin is not the only
peptide that is believed to create toroidal pores in membranes; another
well-studied peptide also believed to create toroidal pores is magainin.
Nevertheless, the details of pore creation by melittin and magainin
differ, as was clearly demonstrated by recent experiments that moni-
tored dye efﬂux from giant unilamellar vesicles ruptured by peptides
[3]. When the peptide was magainin, the complete dye release from
many vesicles occurred during a short time, and therefore the process
got the name “all-or-none”. For melittin the release is gradual and con-
sequently the process was named “graded”. This clearly indicates that+1 919 962 2388.
am), maxb@unc.edu
rights reserved.the molecular level architecture of the pores through which the dye
release occurs is quite different in cases of melittin and magainin.
Computer simulations play an important role in providing detailed
molecular description of many biological phenomena, description that
is often hard, if not impossible, to get from the experiment. Therefore
simulations were also employed to study interactions of antimicrobial
peptideswithmembranes, including simulations on systems containing
melittin interacting with lipid bilayers [5]. Detailed, all-atom force ﬁeld
simulations of bilayer/melittin system showed that a) indeed, as it was
suggested, to create a pore the concentration ofmelittin has to be above
certain critical concentration, and b) melittin induced toroidal pores do
not have a regular shape and peptides do not line up the walls of the
pores [5]. Based on the results from these simulations a new model
for a pore in membrane due to the presence of a peptide was suggested
by Marrink and his coworkers, a disordered toroidal pore [5]. But
detailed molecular dynamics simulations cannot explore large time
intervals over which a regular toroidal pore may be created. To circum-
vent this problem toroidal pores with a regular arrangement of melittin
peptides were prepared as initial structures and simulations that stud-
ied details of such pores were performed [6–9].
Since all-atom simulations are still limited in the scope of time
periods and spatial domains they can cover, simulations that employ
coarse-grained force ﬁelds are used to study peptide-membrane inter-
actions. Especially useful results are obtained from the studies that
use a force ﬁeld called MARTINI [10,11], and our group also used it to
study spontaneous pore creation by melittin and by magainin peptides
[12]. In our previous coarse-grained simulations it was observed
that magainin created large pores, while melittin smaller pores, thus
connecting the pore structures to the character of dye efﬂux. It was
also observed that some of the melittin peptides were in a “U-shaped
conformation”, due to the presence of PRO residue that allows bending
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also allows both charged termini regions to be solvated by the polar
headgroups of the lipids, while the hydrophobic region in the middle
of the peptide could penetrate into the hydrophobic region of the
bilayer. These “U-shaped” melittin peptides were also observed in
simulations [12] to be located in the pores, possibly blocking, or slowing
down the efﬂux through the pores. While simulations with MARTINI
produced many successes, it has its shortcomings, and it is important
to understand if the “U-shaped” conformation observed in coarse-
grained simulations is not an artifact of the force ﬁeld.
Since most of the research points out that melittin creates pores
by ﬁrst adsorbing to the membrane surface and then, after reaching
critical concentration, may create pores by reorienting and acquiring
a transmembrane conﬁguration, we want to study this mechanism
in more detail. We also want to understand if the mechanism of
peptide reorientation from parallel to transmembrane orientation
changes when the concentration of melittin peptides changes from
low (pre-critical concentration of P/L=1/128, one peptide per 128
lipids in our simulation system) to higher (post-critical concentration
of P/L=4/128).
In this paper we describe results from all atom simulations
performed to study binding and reorientation of melittin in a POPC
bilayer using molecular dynamics simulations with the umbrella sam-
pling technique. We also use regular molecular dynamics simulations
to study further structural details, if needed. Umbrella sampling
allows getting quantitative information on free energies when the
coordinates that are orthogonal to the coordinate of interest reach
fast equilibrium. This may not be the case when we want to study
the approach of a peptide to a membrane surface and, therefore,
more constrains in the simulations need to be imposed. As a result,
it is more difﬁcult to compare quantitatively the experimental results
and simulations. However, the trajectories obtained from umbrella
sampling simulations offer valuable information on the behavior of
the system along the reaction coordinate. In this work we focus
more on this qualitative aspect of the umbrella sampling simulations
and combine it with the observations from regular MD to understand
the binding and reorientation of melittin.
2. Methods
We performed different simulations to understand different stages
of melittin interaction with the lipid bilayer; I) its initial adsorption to
the bilayer surface in a parallel to the surface conformation, followed
up by II) reorientation of the peptide from a parallel to a transmem-
brane conformation.
I a) Binding of melittin from water to the bilayer: umbrella sam-
pling simulations. To understand the thermodynamics of melittin
binding to the bilayer one needs to ﬁnd the binding free energy.
This requires very large calculations to sample properly all conﬁgura-
tions of the peptide. In case when the peptide is not ﬂexible and can
be considered to be a rigid rod, the calculations can be done for a
set of different angles between the rod and the bilayer. Finally these
free energies, each calculated for a given angle, can be properly
summed up [13]. Since melittin is not a rigid rod, this strategy will
not work. Moreover, it is understood that melittin undergoes struc-
tural transition as it approaches a bilayer: while far away from the
bilayer it is a coil, melittin transforms into a helix when adsorbed to a
lipid bilayer surface. Given all the difﬁculty in obtaining accurate quanti-
tative thermodynamic information from simulations with melittin, we
decided to get a feeling of thermodynamics of the melittin adsorption
and also investigate if indeed structural transformations in melittin
occur as a function of distance from the bilayer. Therefore, we performed
umbrella sampling calculations with melittin exploring a subset of
its conformations: when melittin approaches the bilayer in a parallel
orientation. For this purpose we placed the crystal structure of melittin
parallel to bilayer with its center of mass at 13 equidistant positionsbetween 5.0 and 2.6 nm away from the bilayer center, along the
z-direction. The force constant for the umbrella potential was
200 kJ/mol. To restrain the orientations of the peptide, in addition
to restraining its center of mass, the center of mass of helix “a”
(residues 1–14), and the center of mass of helix “b” (residues
15–26) were also restrained to explore the same distances from
the bilayer center as the center of mass of the whole peptide.
I b) Regular MD simulation of bound melittin: To validate the
observations from the umbrella sampling simulations, we performed
a regular MD simulation placing two melittin peptides (one on each
leaﬂet), just above the headgroup region (~3 nm from the bilayer
center). We used two peptides to improve the sampling. From the
umbrella sampling simulations for binding it was observed that as
the peptide approached the bilayer it had an orientation such that
its hydrophobic side faced water and the hydrophilic side faced the
lipid headgroups. Therefore, while setting up the system for the
regular MD runs, the two peptides were oriented such that their
hydrophilic sides were facing the bilayer headgroup region and the
hydrophobic sides faced water. A 200 ns run of this system was
performed at constant pressure and the dynamics of the peptides
was monitored.
II a) The reorientation of melittin from a parallel conformation to a
transmembrane conformation: The reorientation of a melittin mole-
cule from the parallel to the perpendicular orientation at P/L=1/
128 was studied by pulling the center of mass of the ﬁrst three resi-
dues of the N-terminus of melittin. These residues were pulled from
the upper to the lower leaﬂet of the bilayer. For simplicity, the ﬁrst
three residues of the N-terminus of melittin will be referred to as
the pulling group. The pulling group was placed at 15 distances
from 3.4 nm to 0.6 nm from the center of the phosphate groups in
the lower leaﬂet with an interval of 0.2 nm and umbrella potential
of 200 kJ/mol. However with this distribution of windows, certain
regions along the reaction coordinate were not sampled since the
force constant was not large enough to hold the pulling group at the
window position, therefore to enable sufﬁcient overlap between the
windows we had to add four additional windows at 1.3 nm, 1.4 nm,
1.9 nm and 2.1 nm. These windows had a force constant of 1000 kJ/
mol.
The initial structures for the umbrella sampling simulations were
setup by placing the crystal structure of the peptide with its pulling
group at the window position, minimizing and equilibrating the
system. Since generating the initial structures involves placing the
peptide into the hydrophobic core of the bilayer, this was done by
placing the peptide in a preformed pore of a bilayer downloaded
from CHARMM-GUI as described in our previous work [8]. The pep-
tide and water were then position restrained allowing the lipid
molecules to equilibrate around the peptide leading to the closure
of the pore. This was followed up by a release of the restraints on
water molecules thus letting them equilibrate; ﬁnally the restraints
on peptides were also released. After that the system was equilibrat-
ed for 50 ns.
To understand the dependence of melittin reorientation on
melittin concentration we simulated a system containing 4 melittins
and 128 lipids. We placed three more melittin molecules at the
headgroup water interface and let them bind to the bilayer surface.
While the three melittins were bound to the bilayer surface, the
fourth melittin was reoriented, by pulling the center of mass of its
pulling group. We used 15 windows, as it was done for the 1/128
system and one extra window at 1.4 nm, with a force constant of
1000 kJ/mol to increase sampling in this window. Initial structures
for our sampling simulations were created in a manner similar to
the simulations of a system with P/L=1/128. Thus, three melittin
molecules were ﬁrst placed slightly above the bilayer with the pore
and allowed to bind to the bilayer. After that another melittin at differ-
ent orientations was added, and the equilibration steps were repeated,
as was done for the 1/128 system.
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better understanding of the peptide reorientation dynamics from
parallel to the transmembrane conformation, we performed six regu-
lar MD simulations 200 ns in length each: three for the system with
P/L=1/128 and three for the P/L=4/128 system. For initial conﬁgu-
rations we selected the snapshots from the systems when the pulling
group was around 1 nm, 0 nm and−1 nm from the bilayer center, at
these distances the peptide is in parallel, intermediate and the perpen-
dicular conformations.
Simulation details: The crystal structure of melittin was downloaded
from the PDB databank (PDB ID: 2MLT) and the coordinates of chain A
of the crystal structure were used to set up the system. The lipid bilayer
consisted of 128 POPC lipids, 64 on each leaﬂet. All simulations were
performed with the Gromacs package [14,15]: version 4.0.5. Melittin
was described with the GROMOS96 force ﬁeld [16] and the POPC lipids
with the Berger force ﬁeld parameters [17]. Melittin has a net charge
of +6 since its N-terminus is protonated and hence 6 Cl− ions were
added to neutralize the systems. The water molecules were described
by the SPC potential. All the systems were solvated in a 0.1 M NaCl
solution, to resemble physiological conditions. The temperature was
maintained at 310 K using theNose–Hoover thermostat [18,19]. Pressure
was maintained at 1 bar using semi-isotropic pressure coupling with the
Parrinello–Rahman barostat [20]. The temperature and pressure coupling
constants were set to 0.5 ps. The simulation time step was 2 fs. The
Particle Mesh Ewald [21,22] method to calculate interactions for electro-
statics, LINCS algorithm [23] to constrain covalent bond lengths and peri-
odic boundary conditions were also used. The potentials of mean force
(PMF) were obtained using the Weighted Histogram Analysis Method
(WHAM) code implemented in the g_wham application of Gromacs
[24,25]. The density and rootmean square displacementswere calculated
using the g_density and g_rms scripts in GROMACS. The secondary struc-
ture analysis was performed using the DSSPmodule [26]. The PMFswere
plotted using Xmgrace, the snapshots were visualized using VMD [27]
and the 2D plots were visualized using MATLAB® (2011a).
3. Results and discussion
The presentation of our results follows the same sequence of
topics as in the Methods section, where we described what
performed.Fig. 1. a) PMF for pulling melittin in a parallel orientation to the bilayer fromwater to the bila
The surface is colored by the PMF value. i–iv) Snapshots of melittin at different distances from
the peptide residues are colored by type: hydrophobic — yellow, hydrophilic — green and cI a): We estimated the free energy change and monitored the struc-
tural changes occurring to melittin during the process of its binding
from water to the lipid bilayer surface, when the peptide approached
the bilayer surface roughly in a parallel orientation. Fig. 1a displays
the free energy change as a function of distance from the bilayer center.
The gain in the free energy upon adsorption of melittin is −10.4±
1.7 kcal/mol, indicating a strong afﬁnity of the peptide to the lipid bilay-
er, when it approached the bilayer parallel to its surface. (Following the
procedure listed in [28,29] we calculated the free energy of peptide
adsorption by integrating the PMF shown in Fig. 1a, and obtained
a value of −10.66±1.35 kcal/mol. The ﬁnite size effect described in
[30] corrects this value by 0.27±0.33 kcal/mol. Ladokhin and White
[31] estimated that the free energy gain in a process when melittin
transforms from an unfolded structure in water to a folded conforma-
tion on a POPC membrane surface is −7.6 kcal/mol. Given that we
calculated the free energy under conformational restraints, our result
is in a satisfactory agreement with the experimental estimate.) A large
gain in free energy is, perhaps, caused by different factors, both energet-
ic and entropic, including more energetically favorable interaction
between molecules of the released water and gain in entropy due to
its release. Detailed understanding of each factor requires a separate
study, while for now we shall concentrate on the structural changes in
the peptide. Thus, we considered the change in the RMSD of melittin,
as it approached the bilayer (see Fig. 1b). Although each window calcu-
lation was started from the crystal structure, we only observed the
unwinding of the helix at distances farther away from the bilayer. The
helix structure was retained, as the peptide got closer to the bilayer.
Melittin unfolded at distances above 3.3 nm while below this distance
it adopted partially helical structures: around 2.5 nm melittin adopted
a 73% helical structure. This is consistent with the experimental value
of ~70% measured for melittin located on surfaces of POPC large
unilamellar vesicles [3,31,32]. The plot of the RMSD as a function of
distance also shows the ﬂexible character of the peptide on the bilayer
surface. The structural transformations of the peptide as a function of
distance to the bilayer can also be seen from the snapshots i–iv in
Fig. 1, which show that melittin becomes more folded, as it approaches
the interface. The helical structure that we observe at 2.5 nm (Fig. 1-iv)
remained stable for the last 100 ns and resembles the helical structure
proposed for melittin located at the lipid interface by Hristova et al.
[33]. They reported that the ﬁrst 22 residues form an alpha-helix andyer surface. b) Change in the RMSD as a function of the distance from the bilayer center.
the bilayer center. Phosphorous atoms are shown in orange and the lipid tails in gray,
harged-blue.
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observations the ﬁrst three residues are also extended as a coil.
I b): We placed two melittin peptides just outside of the lipid
bilayer, one on each side. The hydrophilic residues of the peptide
were facing the lipid headgroup atoms and hydrophobic residues
faced water. The density distributions of the peptides, the time evolu-
tion of the distances between the center of mass of the peptide and
the center of the bilayer and also the time evolution between the
center of mass of the TRP residues and the center of the bilayer,
along with the snapshots taken at 0, 100 and 200 ns are shown in
Fig. 2. As we can see from the Figure, within the ﬁrst 50 ns both
peptides attached to the lipid bilayer. The peptide that got attached
to the lower leaﬂet rotated around its helical axis and inserted into
the bilayer, such that its TRP residue faced the lipid tails and the pep-
tide assumed a shallow “U-shaped” conformation, which this peptide
retained for the last 100 ns. As a result of peptide reorientation about
its helical axis the hydrophilic side of the peptide now faced the
headgroup region and the hydrophobic side faced the lipid tails.
The average bending angle of the two helices (angle formed by the
C-alpha atoms of residues 4, 14 and 26) was calculated to be 130° and
134° for the peptides attached to the upper and lower leaﬂets respec-
tively. This is close to the bending angles of ~140°±24° or ~160°±
24° obtained from NMR measurements performed on transmembrane
oriented melittin in DMPC bilayers [34]. We observed that the TRP
residue of the peptide attached to the upper leaﬂet underwent a con-
stantly ﬂapping motion, attempting to enter into the headgroup/tail
interface. The described dynamics of the TRP residues from both pep-
tides can be seen from Fig. 2-ii and 2-iii. The role of TRP in localizing
the peptide on a lipid bilayer has also been under investigation [35].
Hristova et al. [33] determined the structure and the location of
melittin in a DOPC bilayer using X-ray diffraction technique and found
that the helical axis ofmelittin is located ~1.75 nmaway from the bilay-
er center. Since one of ourmelittin peptides adopts a shallow “U-shape”,
we do not calculate the position of the helical axis. Instead we deter-
mine the distance of the center of mass of the two peptides from the
center of the bilayer, as depicted in Fig. 2. Our results show that both
melittin molecules remain located ~2 nm away from the bilayer center,Fig. 2. a) Density distribution of the phosphorous atoms in the lipid (orange), peptides (bla
distribution shown in black, while only atoms belonging to the TRP residues were considered
(black) and the TRP residues (magenta). i–iii) Snapshots of the system at 0, 100 and 200 ns.
VDW representation in magenta.which is consistent with observations of Hristova et al. Haldar et al. [36]
also investigated properties of melittin in a DOPC bilayer by performing
dansyl ﬂuorescence experiments and they measured that the dis-
tance between the tryptophan residue and the center of the bilayer is
~1.06 nm. In our simulation, the average distance between the bilayer
center and the TRP residue, belonging to themelittin in the lower leaﬂet
of the POPC bilayer, is 1.27 nm, in the range of Haldar's observation.
Notice that the thicknesses of pure DOPC and POPC bilayers are similar:
2.77 nm for DOPC and 2.71 nm for POPC [37,38].
II a): As we mentioned above, once adsorbed on the bilayer surface,
melittin can spontaneously adopt a “U-shape” conformation, thus
anchoring its termini to the polar headgroup region. Melittin peptides
that adopt such “U-shaped” conformations were also observed in
coarse-grained simulations, although the extent of bending was more
signiﬁcant in the coarse-grained simulations [12] which could be an
effect of the force ﬁeld or due to the large concentration of the peptides.
During the simulations some of the peptides remained in the
“U-shaped” conformations, but some reoriented into transmembrane
conformation. To change from the “U-shaped” conformation to a trans-
membrane requires moving some of the charged residues across
the membrane hydrophobic region. In order to understand the steps
involved in the peptide reorientation and to understand the role of
peptide concentration, we performed all-atom simulations with um-
brella sampling, and pulled a group of atoms next to the N-terminus
ofmelittin (seeMethods section) fromone leaﬂet of the bilayer towards
the opposing leaﬂet. To study the melittin concentration effect on the
reorientation, the pulling was performed for the P/L ratios of 1/128
and 4/128. Since the calculation of the free energy proﬁle requires
very extensive sampling of all possible conformations that can be
achieved during a reorientation process, and it is very time consuming
to perform, we did not calculate the potential of mean force. Instead,
we focused on structural changes in the bilayer, in order to understand
what makes the reorientation of the peptide possible.
We pulled the N-terminus and not the C-terminus across the
bilayer because the C-terminus of melittin has a charge of +4 and the
N-terminus has a charge of +1. Pulling the N-terminus across the
hydrophobic core of the bilayer would induce much less perturbationck), and of TRP residues (magenta). All peptide atoms were included to get the density
for the distribution shown in magenta. b) Position of the center of mass of the peptides
The peptides are colored by the residue type, as in Fig. 1 with the TRP residues shown in
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less energy. Moreover, it was observed in a previous work that
the C-terminus of melittin anchors to the headgroup atoms and
the N-terminus tends to insert into the hydrophobic core [39,40]. We
started our pulling simulations from a conformation similar to the one
observed at the end of our regularMD simulations onmelittin adsorbed
on the bilayer surface.
Following up visually the trajectories during the pulling process we
observed that as the N terminus of melittin was penetrating the hydro-
phobic region of themembrane, it was accompanied by some amount of
water molecules. Thus defects in membranes ﬁlled up with water were
created in the bilayer. In Fig. 3a we show 2-dimensional proﬁles for the
water number density across the bilayer as a function of distance
between the bilayer center of mass and the center of the pulling
group (this distance is denoted as D) for the case P/L=1/128. As the
ﬁgure shows, the largest amount of water is present in the bilayer
when the pulling group is close to the middle of the bilayer. At the
same timewe do not observe a continuousﬁle of water across the bilay-
er. Water molecules follow the pulling group creating a water funnel
between the pulling group and the closest lipid headgroup region.
Fig. 3a shows that once the pulling group reaches the middle of the
bilayer, the water funnel connecting the pulling group with the upper
leaﬂet switches to a funnel connecting the pulling group with the
lower leaﬂet. We made snapshots of the structures of the system
while we pulled the peptide, and display some of these snapshots in
the Fig. 3 i–iv. The snapshots show the switch of the funnels; while at
D=0.2 nm the funnel is between the pulling group and the upper
bilayer, at D=−0.16 nm the funnel switched. Fig. 3b provides a similar
information to the one presented in Fig. 3a, only for the case P/L=4/
128. From this ﬁgure it is clear that a pore ﬁlled out by water exists
when the pulling group is located in the region when D has values be-
tween 0.1 nm and −0. 5 nm. This water pore is displayed in Fig. 3-vi
and 3-vii for D=0 nm and D=−0. 4 nm. Based on the behavior of
water, as inferred from Fig. 3, it can be suggested that the transition
region for the reorientation process for the case P/L=1/128 is quite
narrow and is located somewhere around D=0.1 nm. For the case
P/L=4/128 the transition state is broad and occupies the region
between D=0.1 nm and D=−0.5 nm. From Fig. 3 we can also seeFig. 3. a) Distribution of the number density of water as a function of the distance between th
ratio of 1/128. i–iv) Snapshots at different distances of the N-terminus from the bilayer cen
spheres, oxygen of water as blue spheres and the peptide is colored by the residue type as i
The residues of the protein are also shown in the stick representation to show their interac
density of water as a function of the distance between the N-terminus residues and the ce
different distances of the N-terminus from the bilayer center, the ﬁgure description is the sthat in addition to water penetrating the membrane, the headgroups
of lipids next to peptide reorient, creating toroidal pores in the bilayer,
as was observed in other simulations [5–7,9].
It should be noted that the lipid headgroups are not only pulled by
the charged GLY1 residue, that is a part of the pulling group, but also
by the LYS7 residue that is also charged. The long tail of the LYS7
allows it to snorkel and form salt bridges with the lipid headgroup
atoms. As we can see in the snapshot iii of Fig. 3 at a distance around
−0.16 nm the GLY1 interacts with the headgroup atoms of the lower
leaﬂet causing bending of the lower leaﬂet while LYS7 interacts with
the headgroup atoms in the upper leaﬂet leading to the bending of
the upper leaﬂet. A similar behavior of the LYS residue was observed
in the study of transportan 10 insertion into a POPC bilayer, where the
LYS side chains were strongly associated with the headgroup atoms of
the two leaﬂets during the insertion [41].
The snapshots at the transition region for D=0 nmandD=−0.4 nm
shown in Fig. 3-vi and 3-vii, resemble the pseudo-transmembrane
conformation by Toraya et al. [42] using 31P and 13C-NMR spectroscopy
and the rotational-echo double-resonance method. This pseudo trans-
membrane conformation has been used to build starting structures in
computational simulations [7,9]. The snapshots in Fig. 3-vi and vii also
resemble the disordered toroidal pores observed by Sengupta et al. [5]
in their MD simulations performed for different P/L ratios of melittin.
Our simulation indicates that a stable broad transition region exists for
the case P/L=4/128 characterized by penetrating water supporting a
stable pore with a partially inserted peptide that is solvated by both
water and reoriented lipid headgroups. The presence of such stable
intermediates for the reorientation of melittin at higher P/L ratio can
explain why simulation studies failed to observe a spontaneous peptide
reorientation and also its transmission across the membrane.
II b): To better understand the character of the transition or
near-transition regions we performed 200 ns runs of regular molecular
dynamics simulations of systems with P/L=1/128 and P/L=4/128,
starting with conﬁgurations shown in snapshots i, iii, iv, v, vii and viii
of Fig. 3. For an easy visual comparison of the peptide conformational
change we display snapshots of the initial conﬁgurations (which are
the same as shown in Fig. 3) together with the snapshots of the corre-
sponding ﬁnal conﬁgurations in Fig. 4. We also show the trajectory ofe N-terminus residues and the center of mass of the bilayer for the system with the P/L
ter. The lipid tails are not shown for clarity, phosphorous atoms are shown as orange
n Fig. 1 and the N-terminus residues being pulled are shown in a VDW representation.
tion with the bilayer and water as the peptide reorients. b) Distribution of the number
nter of mass of the bilayer for the system with P/L ratio of 4/128. v–viii) Snapshots at
ame as for i–iv with the three extra peptides shown in gray.
Fig. 4. a) Snapshots i, iii and iv from Fig. 3 for the system with P/L ratio of 1/128, that were used as starting structures for regular MD simulations. b) Snapshots of the system at the
end of 200 ns regular MD. The color description is the same as in Fig. 3. c) distance between the center of mass of the ﬁrst three residues of the N-terminus and the bilayer center of
mass as a functions of time; blue for trajectory starting with snapshot i, red for snapshot iii and black for snapshot iv. d) Snapshots v, vii and viii from Fig. 3 for the system with P/L
ratio of 4/128, that were used as starting structures for regular MD simulations. e) Snapshots of the system at the end of 200 ns regular MD. The color description is the same as in
Fig. 3. f) Distance between the center of mass of the ﬁrst three residues of the N-terminus and the bilayer center of mass as a functions of time; blue for trajectory starting with
snapshot v, red for snapshot vii and black for snapshot viii.
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and f). Our choice of initial conﬁgurationswas dictated by the following
reasoning: conﬁgurations i and v from Fig. 3 represent surface bound
peptide, conﬁgurations iii and vii — pseudo-transmembrane and, ﬁnal-
ly, conﬁgurations iv and viii— transmembrane. From Fig. 4 we observe
that surface bound and transmembrane conformations are stable for
both P/L=1/128 and P/L=4/128 systems. For the run starting with
pseudo-transmembrane conformations we observed that when P/L=
1/128, after 200 ns of MD the pseuo-transmembrane conﬁguration
transformed into fully transmembrane (see Fig. 4c). In case of P/L=4/
128 the pseudo-transmembrane conformation remained stable over
200 ns as shown in Fig. 4f. These observations are consistent with the
observationswemade above about the stability of the transition region.
4. Conclusions
The conformers of melittin as discussed in the literature [4] are:
surface bound, transmembrane and pseudo-transmembrane, where
the surface bound state is described as the conformation with the
hydrophobic side of melittin facing lipid tails and the hydrophilic side
facing headgroups. Such a structure is consistent with the description of
the “U-shaped” structure we observe to occur spontaneously on melittin
adsorption to the POPC bilayer surface. The pseudo-transmembrane
conformation, where melittin inserts only partially into the hydrophobic
core of the bilayer, resembles the conformations we observe for melittin
in the 4/128 system,when theN-terminus is located around the center of
the bilayer solvated by water and the headgroup atoms are in the
pore. Melittin's preference for a parallel or perpendicular orientation
has been proposed to depend on: a) concentration of melittin [43,44] —
at low P/L ratios, melittin prefers a parallel orientation, as the P/L ratio in-
creases the fraction of inserted peptides also increases. Chen et al. [45]used SFG and ATR-FTIR together and suggested that about three-fourths
of melittin molecules orient parallel to the bilayer surface with a slight
tilt and the rest have a perpendicular orientation. b) Degree of hydration
of themodelmembrane [46]— in a hydratedmembranemelittin prefers
a parallel orientation and in a dry membrane it prefers a perpendicular
orientation. c) Protonation of the N-terminus — if the N-terminus of
melittin is protonated it prefers a perpendicular orientation [47].
d) Membrane potential (voltage dependence) [48] — a trans-negative
voltage is required for the trans-membrane orientation of melittin.
e) Hydrophobic length — Lazaridis et al. [49] observed that melittin's
orientation depends on the thickness of the hydrophobic core of the
lipid bilayer. To understand how all these factors determine the relative
amount of parallel tomembrane surface and transmembrane conforma-
tions we need to perform many detailed, labor extensive simulations.
Our present simulations show, on a qualitative level, that with the
increase of the peptide concentration resulting in a larger membrane
tension, pores ﬁlled out with water, can be created and sustained.
Presence of such pores may result in a lowering of a free energy barrier
for the peptide reorientation and change the probability of different
conformations.
Terwilliger et al. [50] proposed that melittin is a surface active pep-
tide and its insertion into themembrane is unlikely because upon inser-
tion the hydrophilic amino acids LYS7, THR10, THR11 and SER18would
be placed in a hydrophobic environment. However Vogel et al. [51]
proposed that a transmembrane orientation for melittin is based on
the possibility of a hydrogen bond between LYS7 and THR11 in the
alpha-helical structure. This would signiﬁcantly reduce the transfer
free energy of LYS7 and create the possibility that upon association
within the membrane melittin molecules could be oriented in such a
way that their hydrophilic regions face each other. Peptide transfer is
accompanied by creation of salt bridges with lipid headgroup atoms
2981S.J. Irudayam, M.L. Berkowitz / Biochimica et Biophysica Acta 1818 (2012) 2975–2981or by direct solvation with water, factors that lead to water defects,
explaining the insertion of peptides into lipid bilayers. More recent
work focuses on water defects in the bilayer [52] that stabilize different
orientations of melittin, which is consistent with our observations.
In summary: we have performed a systematic study to understand
the binding and reorientation of melittin and to monitor the effect of
increased peptide concentration. The process of binding takes place
in two steps: adsorption of melittin to the lipid bilayer surface and
rearrangement of melittin to adopt a shallow “U-shaped” conformation
at the lipid bilayer headgroup/tail interface. The reorientation of melittin
requires an increased peptide concentration, which induces membrane
thinning facilitating pore formation that enables a reorientation of
melittin into the transmembrane conformation.
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